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Summary
Objective: To investigate the short-term effects of recreational running on the deformation of knee articular cartilage and to examine the
relationship between changes in knee cartilage volume and biomechanical modulators of knee joint load.
Method: Twenty healthy volunteers participated in a two phase cross-sectional study. Session 1 involved Magnetic Resonance Imaging (MRI)
of femoral and tibial cartilage volumes prior to and following a 30 min period of relaxed sitting, which was directly followed by a recreational run
of 5000 steps. Subsequently, all participants undertook a laboratory study of their running gait to compare biomechanical derived measures
of knee joint loading with changes in cartilage volume. Estimates of knee joint load were determined using a rigid-link segment, dynamic
biomechanical model of the lower limbs and a simpliﬁed muscle model.
Results: Running resulted in signiﬁcant deformation of the medial (5.3%, P< 0.01) and lateral femoral cartilage (4.0%, P< 0.05) and lateral
aspect of the tibial cartilage (5.7%, P< 0.01), with no signiﬁcant differences between genders. Maximum compression stress was signiﬁcantly
correlated with percentage changes in lateral femoral cartilage volume (r2¼ 0.456, P< 0.05). No other biomechanical variables correlated with
volume changes.
Conclusion: Limited evidence was found linking biomechanical measures of knee joint loading and observed short-term deformation of knee
articular cartilage volume following running. Further enhancement of knee muscle modelling and analysis of stress distribution across cartilage
are needed if we are to fully understand the contribution of biomechanical factors to knee joint loading and the pathogenesis of knee osteo-
arthritis (OA).
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Osteoarthritis (OA) is a chronic musculoskeletal condition
characterised by the breakdown of joint cartilage1. Progres-
sive changes in themechanical behaviour of articular cartilage
are considered a contributory factor in the onset of this dis-
ease2. In understanding the pathogenesis ofOA, the deforma-
tional behaviour of articular cartilage in vivo may provide an
important indicator of disease onset, as cartilage deformation
is dependent upon the biochemical composition of the tissue3.
Participation in lower limb exercise involving repeated ex-
posure to increased joint loading has been shown to in-
crease the risk of OA4e7. Furthermore, exercise is often
recommended as a treatment for OA and therefore, under-
standing the effects of exercise on cartilage deformation
may provide a valuable insight into the efﬁcacy of exercise
prescription. In recent years, studies utilising Magnetic*Address correspondence and reprint requests to: Dr. Mark
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883Resonance Imaging (MRI) have provided an appreciation
of changes in cartilage thickness and volume as a result
of participation in different forms of physical activity3,8e10.
In doing so, they have conﬁrmed ﬁndings from earlier
work involving cadavers2,11 and provided new insights con-
cerning the dynamic response of the cartilage.
With respect to walking and running, Eckstein et al.3
found a reduction in patella cartilage volume of 2.8% after
walking for 5 min and a 5% reduction after running over
a 200 m distance. Given that exercise sessions are nor-
mally of greater duration (e.g., 30 min) further knowledge
of the longer term responses of cartilage would be valuable,
particularly if it was related to load experienced at the knee
joint. In this respect, Mosher et al.12 studied the effects of
30 min ‘jogging’ on knee cartilage thickness and found sig-
niﬁcant shortening of superﬁcial T2 cartilage in the weight-
bearing aspect of the femoral condyle. Kersting et al.9
also used MRI to investigate the effects of running for 1 h
on changes in patella, femoral and tibial cartilage volume
and examined the relationship between volume changes
and a number of biomechanical variables associated with
knee joint loading. Whilst running resulted in changes in
cartilage volume (2.6%e3.2%), joint forces and joint
884 M. Boocock et al.: Running and knee cartilage loadingtorques did not explain the changes in cartilage volumes
observed. Interestingly, Kersting et al.9 only measured net
joint reaction forces at the knee which excludes the com-
bined action of muscles and ligaments acting on the
knee13. As Harrington14 and Kersting et al.9 highlight, mus-
cle action can contribute signiﬁcantly to total joint force. In
support of this conjecture, Kersting et al.9 found a signiﬁcant
relationship between knee cartilage volume changes and
the time of co-activation of the ﬂexor and extensor muscles,
suggesting that consideration of muscle activity in the mod-
elling of knee joint loading may be important.
A further limitation of previous studies investigating the
effects of running on changes in knee cartilage has been
their failure to standardise the cumulative load exposure
across participants, thereby compromising the inferences
about the exposure-response relationship. For example,
knee joint loading during running is dependent upon the
number of foot-to-ground contacts. All previous stud-
ies9,10,12 on running have standardised exposure according
to speed, distance, and/or duration. Thus, the aims of this
study were to: (1) determine the effects of recreational run-
ning on short-term changes in knee joint femoral and tibial
cartilage volume in a group of healthy volunteers without
knee pathology; and (2) develop a biomechanical model
of the knee inclusive of muscle forces to investigate the re-
lationship between knee articular cartilage deformation and
biomechanical modulators (e.g., compression and shear
forces) of knee joint loading while running.MethodsPARTICIPANTSTwenty healthy volunteers (10 male and 10 female) who regularly en-
gaged in recreational running as a means of promoting general health partic-
ipated. All participants reported undertaking a 30e40 min run approximately
2.5 days per week, as well as exercise classes at least once per week. Par-
ticipants were excluded if they had: a history of any form of arthritis; knee
pain lasting for >24 h in the last 5 years; a previous knee injury requiring
non-weight bearing treatment for >24 h or surgery (including arthroscopy);
or a contraindication to MRI. The study was approved by the University
Ethics Committee.EXPERIMENTAL PROTOCOLThe study comprised of two sessions conducted on two separate days.
Session 1 (recreational run) involved running for approximately 30 min at
a self-selected running speed. Prior to and following the run, MRI scans
were taken of the right knee. Session 2 (biomechanical analysis) involved
a biomechanical analysis of the right foot impact during running.RECREATIONAL RUN AND MRI OF THE KNEEFig. 1. Position and angle of the scanning plane.All participants attended the MRI unit at the same time of day (approxi-
mately 13:00 hours). They abstained from any form of exercise on the morn-
ing prior to testing. On arriving at the MRI unit, participants sat for a period of
15 min. This provided a period of relaxation during which the inﬂuence of pre-
ceding activities could be limited prior to the MRI scans. Participants then un-
derwent an MRI scan of their right knee before returning to the waiting room
(approximately 10 m) where they sat for a further 30 min. They then returned
to the MRI scanner where a second scan of their right knee was recorded,
following which participants immediately walked a short distance (approxi-
mately 40 m) to a concreted area where they completed a running circuit
of approximately 500 m. Participants were ﬁtted with a pedometer that re-
corded the number of steps taken and were instructed to adopt a steady,
self-selected, comfortable running speed, as if undertaking a regular
30 min run. Once participants had completed 5000 steps, they walked the
short distance back to the MRI unit where they immediately underwent a third
scan. This scan was initiated within 2 min of completing the run. All partici-
pants wore a pair of new running shoes (ASICS, Model type GEL-1090
and GT-2100). At regular intervals throughout the run and without their prior
knowledge, running velocity was measured over a 10 m distance using
a stopwatch.MRI IMAGING AND ANALYSISMRI of the right knee was undertaken using a 1.5-T whole-body MRI
scanner (Gyroscan Intera 1.5-T, Philips Medical Systems) ﬁtted with an ex-
tremity quadrature coil (Medical Advances Inc., USA). Knees were imaged in
the sagittal plane using a T1-weighted fat-suppressed 3-dimensional (3D)
spoiled gradient recalled acquisition in the steady state, with an image se-
quencing protocol of: 512 512 matrix; ﬁeld of view of 160 mm; ﬂip angle
of 55; repetition time of 57 ms; echo time of 12 ms; and one acquisition
with a slice thickness of 1.5 mm. The time taken to complete a single scan
of the right knee was dependent on the participant’s skeletal geometry and
varied between 10 min and 34 s and 13 min and 5 s, with the number of sli-
ces ranging from 54 to 66.
To standardise alignment and ensure reproducible positioning of the
knee, anatomical locations about the knee joint were aligned to reference
points on the extremity coil. With the knee in extension, rigid foam and
sand bags were placed around the knee and lower leg to prevent knee
movements. Prior to the collection of image slices, scout images were ob-
tained in all three planes in order to standardise the position and angle of
the scanning plane. When viewed in the coronal plane, a line was drawn par-
allel to the femoral condyles between the femoral and posterior aspects of
the patella, at the lowest slice of the patella containing cartilage. The scan-
ning plane was set perpendicular to this line with scans extending from the
medial to lateral aspects of the femur (Fig. 1).
MRI image processing software (OSIRIS version 4.2, University of Zurich,
Switzerland) was used to measure medial and lateral tibial and femoral knee
cartilage volumes, in accordance with procedures described elsewhere15.
This involved manual segmentation of the cartilage boundary area on a slice
by slice basis (Fig. 2). Boundary areas were re-sampled by bilinear and cubic
interpolation (area of 312 mm 312 mm and 1.5 mm thickness, continuous
sections) for the ﬁnal 3D rendering. Volumetric measures of cartilage plates
were determined by summing pertinent voxels within the resultant binary vol-
umes of the 3D rendered image. This 3D image was also used to calculate
the total surface area of the cartilage by summing the pixel area overlying the
boundary surface. Differentiation of the medial and lateral aspect of the tibial
cartilage was made at the point where there was no identiﬁcation of cartilage
in the region of the intercondylar eminence. The central MRI slice separating
the medial and lateral aspect of the tibial cartilage was used to separate
medial and lateral aspects of the femoral cartilage.
A single trained observer blinded to scan information and the time point at
which MRI scans were recorded carried out all volume and surface area mea-
surements. One complete scan of a single knee took approximately 90 min to
complete. Pilot studies of intra-observer reliability and error in calculating fem-
oral volumetric measures (intraclass correlation coefﬁcient (ICC)¼ 0.99,
lower conﬁdence interval 0.96; RMS CV (%)¼ 2.9; typical error as a CV
(%)¼ 3.1) showed good reproducibility and was comparable to levels
Fig. 2. Sagittal plane MRI scan showing segmentation of the femo-
ral and tibial cartilage.
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ity for medial and lateral aspects of the tibial cartilage were also found to be of
a similar order of magnitude (RMS CV (%)¼ 2.6 and 2.7, respectively).Fig. 3. Schematic showing the muscle model of the knee. A positive
external knee moment (Mk) is balanced by a force generated via theBIOMECHANICAL MODELLING OF KNEE LOADINGpatella tendon (Fp) and a negative muscle moment by the biceps
femoris (Fb). dp ¼muscle moment arm of the patella tendon.
db¼muscle moment arm of the biceps femoris. Fzk¼ knee joint
reaction force aligned along the z axis of the tibia. Fyk¼ knee joint
reaction force aligned along the y axis of the tibia. ak ¼ knee
joint angle.Running trials
Participants attended a biomechanical laboratory within 1 week of com-
pleting the run. There they ran on an 18 m running track in which a force
plate was centrally located. Running speed was controlled within 5% of
the average speed recorded during the outdoor run using two pairs of pho-
tocells (Swift Performance Equipment, Australia) positioned approximately
2 m either side of the force plate. Five trials were recorded. All participants
wore the same running shoes as they had worn during the outdoor run.
A nine camera motion analysis system (Qualisys Medical AB, Sweden)
sampling at 240 Hz was used to collect 3D kinematic data of the right leg
stance phase. In order to track movement of the lower limbs, 38 retro-
reﬂective markers were placed at anatomical locations on the pelvis and
lower limbs, in accordance with the procedure described by Cappozzo
et al.18.
During running trials, 3D ground reaction forces and moments during the
right leg stance phase were recorded using an AMTI (Advanced Mechanical
Technology Inc., USA) force platform sampling at 1200 Hz. Kinematic and ki-
netic data were smoothed using a Butterworth lowpass ﬁlter with a cutoff fre-
quency of 12 Hz and 70 Hz, respectively, and subsequently analysed using
Visual 3D (C-Motion Inc, USA) biomechanics programme.
Rigid biomechanical model
Net joint reaction forces and muscle moments. A seven segment, 3D rigid-
link dynamic biomechanical model of the pelvis and right and left lower limbs
was constructed in Visual 3D. Body segments were represented as geomet-
ric objects19 and scaled according to each individual. Dempster’s20 anthro-
pometric data were used as input parameters for calculating the segmental
masses and inertia properties of each segment. Within the rigid-link model,
inverse dynamics was used to calculate net joint reaction forces and muscle
moments about the right knee, orientated according to the segmental co-
ordinate system of the tibia.
Muscle model for determining joint contact forces. Similar to the approach
adopted by Thambyah et al.21, a simpliﬁed, 2D sagittal plane muscle model
of the knee was constructed (Fig. 3). The lines of action and moment arms of
the patella ligament and biceps femoris tendon were derived according to
knee angle based on the equations of Herzog and Read22. Tibiofemoral joint
compression (Fc) and shear forces (Fs) aligned to the local anatomical axis ofthe tibia were calculated from the net joint reaction forces and resolved
muscle force vectors as follows:
Positive muscle moment
If Mk is positive, then:
Fp ¼Mk=dp
Fc ¼ Fzk þFp sinap
Fs ¼ FykFp cosap
Negative muscle moment
If Mk is negative, then:
Fb ¼Mk=db
Fc ¼ Fzk þFb sinab
Fs ¼ FykþFb cosab
Where:
Fzk¼ Knee joint reaction force aligned along the z axis of the tibia.
Fyk¼ Knee joint reaction force aligned along the y axis of the tibia.STATISTICAL ANALYSISDescriptive statistics were calculated and data were checked for assump-
tions relating to normality. A two factor, mixed model analysis of variance
(MANOVA) with repeated measures was used to compare percentage
changes in medial and lateral femoral and tibial cartilage volume following
sitting and running (post minus pre activity volumes divided by baseline).
Table I
Demographics of the sample population
Age (y) Body mass (kg) Body height (m) Body Mass Index (BMI) (Kgm2)
Males (SD) (range) 34.7 (10.4) (20e47) 78.2** (5.6) (67.8e86.4) 1.81** (0.06) (1.71e1.90) 23.9* (1.4) (21.5e26.3)
Females (SD) (range) 30.5 (8.3) (20e48) 59.7** (5.2) (50.0e66.6) 1.66** (0.09) (1.50e1.80) 21.7* (2.4) (19.4e24.9)
Total (SD) (range) 32.6 (9.4) (20e48) 68.9 (10.8) (50e86.4) 1.73 (0.11) (1.50e1.90) 22.8 (2.2) (19.4e26.3)
*P< 0.05 signiﬁcance difference between males and females; **P< 0.01 signiﬁcance difference between males and females.
886 M. Boocock et al.: Running and knee cartilage loadingThe within subject factor was ‘activity’ (sitting or running), while gender rep-
resented the between subject factor.
Pearson’s Product-Moment Correlation Coefﬁcients and linear regression
analysis were used to explore possible linear relationships between percent-
age changes in cartilage volume and biomechanical parameters. Kinematic
variables were: average running speed; maximum knee ﬂexion (degrees);
maximum downward vertical velocity of the ankle joint at heel strike
(ms1); and the lever arm distance of the ground reaction force (GRF) vector
with respect to the knee joint centre (m) measured in the frontal plane. Ki-
netic variables included: the maximum ﬂexion-extension and varusevalgus
torque about the knee (Nm); maximum medialelateral and anterioreposte-
rior net joint reaction forces (N); the maximum knee compression (raw and
normalised to body weight) and shear force (N) at the knee; integration of
the compression and shear force-time curve; and maximum knee ‘compres-
sion stress’ with respect to the femoral and tibial cartilage (maximum com-
pression force (F ) divided by the total surface area of the medial and
lateral aspects of each cartilage plate (A); max compressive stress¼ F/A).
Tests of group differences between males and females for each biomechan-
ical parameter were undertaken using a 2 sample t test.
All statistical analysis was conducted using SPSS 14 for Windows (SPSS
version 14, SPSS Inc., 2005) with an alpha level set at 0.05.Results
Demographics of the participants are listed in Table I and
absolute measures of cartilage volume at each measure-
ment period are shown in Table II.
Following the run, signiﬁcant differences were identiﬁed
in the percentage change in medial and lateral femoral
(P< 0.01 and P< 0.05, respectively) and lateral tibial car-
tilage volumes (P< 0.01) (Fig. 2). The largest mean per-
centage deformation in cartilage volume occurred in the
lateral tibial cartilage (5.7%), thereafter medial femoral car-
tilage (5.3%), lateral femoral cartilage (4.0%), and medial
tibial cartilage (3.3%) (Fig. 4 and Table II). When consider-
ing the combined femoral and tibial volume changes within
the medial and lateral aspect of the knee, mean percent-
age deformation amounted to 4.7% and 4.5%,
respectively.
Percentage changes in femoral cartilage volume follow-
ing the run were slightly greater in females when compared
to males (lateral femoral: 4.5% vs 3.6%; medial femoral:
5.5% vs 5.1%), although these differences were non-signif-
icant. Non-signiﬁcant differences in the percentage change
in tibial cartilage between males and female were also
found following the run (lateral tibial: 5.9% vs 5.6%; medial
tibial: 3.3% vs 3.3%, respectively).Table I
Mean medial and lateral femoral and tibial cartilage volumes
Medial femoral volume (mm3) Lateral femoral volume
Baseline Sitting Running Baseline Sitting R
Males (SD) 5858
(969)
5956
(1057)
5618
(809)
8024
(1425)
8040
(1484)
Females (SD) 3906
(444)
4001
(496)
3783
(448)
5215
(814)
5138
(806)
Total (SD) 4882
(1241)
6619
(1831)
4979
(1285)
6589
(1888)
4701
(1136)BIOMECHANICAL PARAMETERSMean biomechanical parameters are shown in Table III.
Average maximum compression and shear forces for males
(6382 N (8.16 body weight (BW)) and 1404 N (1.8 BW),
respectively) were signiﬁcantly (P< 0.01) higher than those
for females (3731 N (6.15 BW) and 918 N (1.52 BW), re-
spectively). Maximum compressive stress was found to be
signiﬁcantly higher in males when compared to females
across the medial and lateral aspects of the femoral and tib-
ial cartilage (Fig. 5). However, these were found to be non-
signiﬁcant when body weight was included as a covariate.
When investigating possible relationships between per-
centage changes in cartilage volume and each of the bio-
mechanical parameters, only one signiﬁcant correlation
was identiﬁed between the percentage change in lateral
femoral cartilage and maximum lateral compressive stress
(maximum compressive force/lateral femoral surface area)
(r¼ 0.456; P< 0.05). When considered with respect to gen-
der, the correlation between percentage change in lateral
femoral cartilage and maximum lateral compressive stress
increased for males (r¼ 0.751; P< 0.05) and was non-sig-
niﬁcant for females (P> 0.05). Linear regression analysis
identiﬁed that maximum lateral compressive stress ac-
counted for 21% of variance in percentage change in lateral
femoral cartilage for the mixed gender group, and increased
to 57% of the variance for the male participants. However,
no correlation with percentage changes in lateral femoral
cartilage volume were found for either the mixed or individ-
ual gender groups when maximum lateral compressive
stress was normalised with respect to body weight.
Volume changes (percentage) were not found to corre-
late signiﬁcantly (P> 0.05) with individual factors such as
age, weight, height or BMI.Discussion
Recreational running lasting approximately 30 min re-
sulted in a signiﬁcant deformation of femoral (lateral¼ 4.0%;
medial¼ 5.3%) and lateral tibial (5.7%) articular cartilage
volume. Volume deformation following the run was higher
than that reported in previous studies involving running activ-
ities. Kersting et al.9 reported decreases in femoral and tibialI
at baseline, following sitting and directly after running
(mm3) Medial tibial volume (mm3) Lateral tibial volume (mm3)
unning Baseline Sitting Running Baseline Sitting Running
7756
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2136
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2076
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3033
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4900
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6328
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Fig. 4. Percentage changes in medial and lateral femoral and tibial cartilage volume following sitting (30 min) and running (5000 steps).
887Osteoarthritis and Cartilage Vol. 17, No. 7cartilage volume of 2.2% and 3.1%, respectively, following
a 1 h training run. Similarly, Kessler et al.10 found tibial carti-
lage volume to reduce by 3.6% following a 5 km run. A nota-
ble difference between the current study and those of
Kersting et al.9 and Kessler et al.10 is that participants in
this study were recreational runners, as opposed to trained
athletes. Studies involving animals have shown that frequent
exposure to exercise can lead to altered chemical (e.g., pro-
teoglycan content) and/or mechanical properties, such as an
increase in the stiffness of the knee articular cartilage23,24. It
could be that these adaptations of the cartilage properties in
response to exercisemaynot have occurred in the less active
participants who were involved in the current study (i.e., rec-
reational runners).
Decreases in cartilage thickness have also been ob-
served following running. After 30 min jogging, Mosher
et al.12 found signiﬁcant changes in the weight-bearing as-
pects of the tibial cartilage but not in the femoral cartilage. It
should be noted that in the current study measurements of
femoral cartilage volume included the entire cartilage struc-
ture (i.e., inclusive of the posterior parts of the medial and
lateral femur) and no attempt was made to isolate the
weight-bearing aspect of the femoral condyle. This is likely
to have lead to an underestimation of the percentage
change in femoral cartilage volume.
In comparison to other types of physical activity, it ap-
pears that high impact loading may be an important factor
governing cartilage deformation. In a study comparing four
different types of exercise (30 knee bends on two andone leg, 2 min static loading (200% body weight) on one
leg ﬂexed at 15, and 10 jumps from a 40 cm high chair),
Eckstein et al.3 found the largest changes in femorotibial
cartilage volume occurred following the high impact jumping
activity (6.1% and 7.2% for the medial and lateral tibial car-
tilage, respectively).
Whilst percentage change in knee cartilage volumes was
similar for males and females, males experienced approxi-
mately twice the maximum compressive load at the knee,
which remained signiﬁcantly higher when normalising for
body weight. However, when compressive stress was nor-
malised for body weight no signiﬁcant difference was found
between genders. Therefore, it would appear that the carti-
lage of males and females responded similarly with respect
to the applied stress.
The observation that changes in cartilage volume were
restricted to the femoral and lateral tibial plates of the
knee cartilage concurs with Kersting et al. (2005) who
also failed to ﬁnd changes in the medial tibial compartment
following a 1 h run. Whilst the current study showed a trend
towards medial tibial deformation following the run, high in-
ter-individual variability in the percentage change of medial
cartilage volume (standard deviation (SD)¼7.8%) when
compared to femoral and lateral tibial cartilage volume
(SD¼2.7% and 3.7%, respectively) may explain the in-
ability to detect a signiﬁcant effect of running on medial tibial
cartilage deformation. Furthermore, within this cohort, mea-
sures of medialelateral displacement of the GRF vector
showed that maximum medial displacement of the GRF in
Table III
Biomechanical parameters in the study population
Dependent variable Deﬁnition Males Females Total
Mean SD Mean SD Mean SD
Kinematic variables
Running velocity (m/s) Average running velocity 3.85** 0.41 3.1** 0.62 3.49 0.64
Max knee ﬂex (degrees) Maximum knee ﬂexion 48.2** 2.4 39.7** 3.4 44.2 5.2
Max vertical ankle vel (ms1) Maximum vertical velocity of ankle
joint at impact
1.01** 0.17 0.68** 0.15 0.85 0.23
Max GRF med-lat moment
arm (m)
Maximum lever arm distance of the
ground reaction force vector about
the knee joint centre measured in
the frontal plane
0.046 0.021 0.018 0.017 0.033 0.024
Kinetic variables
Max ﬂex-ext T (Nm) Maximum ﬂexion-extension torque
about the knee
244.3** 36.7 128.7** 11.6 189.6 65.2
Max var-val T (Nm) Maximum varusevalgus torque
about the knee
84.2** 42.1 34.5** 15.7 60.6 40.6
Max aep react F (N) Maximum anterioreposterior joint
reaction force
977.5** 86.4 590.3** 73.5 794.1 213.5
Max med-lat react F (N) Maximum medialelateral joint reaction
force
291.0* 142.0 154.7* 77.6 226.9 133.1
Max vert react F/BW Maximum vertical joint reaction
force/body weight
2.19 0.26 2.03 0.21 2.12 0.24
Max comp F (N) Maximum compression force 6381.7** 849.7 3730.9** 254.9 5126.0 1496.3
Max comp F/BW Maximum compression force/body weight 8.16** 0.86 6.15** 0.45 7.21 1.23
Comp F int/BW Integration of the compression force-time
curve/body weight
4.11** 0.67 3.02** 0.43 3.59 0.79
Max shear F (Ns) Maximum shear force 1404.1** 163.9 918.4** 80.8 1174.0 280.0
Shear F int (Ns) Integration of the shear force-time curve 179.0** 23.2 111.5** 13.0 147.0 39.3
Max fem comp stress (N/m2) Maximum femoral compressive stress
(maximum compression force/surface
area of femoral cartilage)
476.8** 40.8 375.7** 40.1 428.9 65.1
Max tib comp stress (N/m2) Maximum tibial compressive stress
(maximum compression force/surface
area of tibial cartilage)
1180.8** 168.6 936.9** 49.7 1065.2 176.0
*P< 0.05, **P< 0.01 signiﬁcance difference between males and females.
888 M. Boocock et al.: Running and knee cartilage loadingthe frontal plane during the foot-to-ground contact was rela-
tively small (mean¼ 3 cm). The GRF vector also appeared
to remain closely aligned to the knee joint centre throughout
the majority of the foot contact phase, suggesting that the
adduction moment may not have led to signiﬁcant compres-
sive loading on the medial compartment of the tibial
cartilage.
Several studies have shown the importance of static and
dynamic adduction moments on medial-to-lateral load dis-
tribution across the knee joint25,26. Other studies involving
patients with OA have identiﬁed a link between the magni-
tude of knee adduction moment and disease status of theMedial femoral Lateral femoral
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Fig. 5. Predicted maximum femoral and tibial (medial, lateral, total) comprmedial tibiofemoral cartilage27e30. In the current study, no
signiﬁcant change in medial tibial cartilage volume was ob-
served following the run. Furthermore, no relationship was
observed between the percentage change in cartilage vol-
ume and the maximum net muscle moment about the
knee, or the moment arising from the ground reaction
force about the knee in the frontal plane. During gait anal-
ysis involving a group of healthy women, Jackson et al.31
also failed to identiﬁed a relationship between the peak ad-
duction moment during the early and late stance phase of
the walking gait and overall tibial cartilage volume
changes. These authors concluded that the knee adductorMale
Female
S
t
r
e
s
s
 
(
N
/
m
2
)
Medial tibial Lateral tibial
0
1000
2000
3000 ***
*p<0.05, **p<0.01 significant difference
ession stress during the right foot stance phase of the running gait.
889Osteoarthritis and Cartilage Vol. 17, No. 7moment may have different effects on joint cartilage in
healthy subjects when compared to those with established
knee OA.
The development of a biomechanical model of the knee
inclusive of muscle actions provided for the ﬁrst time
a means to compare joint contact forces (compressive
and shear) and compressive stress at the knee with ob-
served changes in knee cartilage volume. However, the
muscle model developed here is not without its own limita-
tions, most notably the small number of muscles (biceps
femoris or patella tendon) used to partition forces about
the knee. Using this type of simpliﬁed muscle model fails
to account for forces arising from multiple muscles and lig-
aments spanning the knee joint, or co-contraction of these
muscles groups. Furthermore, contact forces are limited to
point loading and do not provide measures of force and
stress distribution across the cartilage.
Few studies have reported on knee joint contact forces
during gait activities. During walking, studies have reported
maximum tibiofemoral compression forces ranging between
2.8 and 3.2 times body weight (BW)21,32,33, while shear
forces ranged between 0.20 and 0.26 times BW21,32. Utilis-
ing the new muscle model, the current study identiﬁed
higher predicted maximum compression and shear forces
when running (approximately 7.2 (5126 N) and 1.7 times
BW (1174 N), respectively), which are lower in magnitude
to knee compression but not shear forces estimated for
maximum isokinetic knee extension (6300 N (9 times BW)
and 700 N (1 times BW), respectively)34 and squatting
exercises35.
The only biomechanical variable to signiﬁcantly correlate
with the percentage change in cartilage volume was com-
pressive stress. Given the number of correlations under-
taken, the chance of a Type I error must be considered and
this ﬁnding should be treated with caution. It should also be
noted that this ﬁnding was restricted to the lateral aspect of
the femoral cartilage and when compressive stress was nor-
malised for body weight it was no longer found to be signiﬁ-
cant. It is acknowledged that the method used to estimate
compressive stress can, at best, be regarded as ‘crude’ given
the uncertainty surrounding the area of cartilage over which
the compressive force acts and the measure used to esti-
mate the surface area of the cartilage. Given the limited evi-
dence for biomechanical parameters affecting joint loading in
healthy subjects it may be that these parameters become
more important when risk factors for the initiation and pro-
gression of OA are present in individuals.Conclusions
Running resulted in a signiﬁcant change in knee articular
cartilage volume (medial and lateral femoral and lateral tibial)
which was greater than that previously reported in the litera-
ture. These changes were similar irrespective of gender and
reﬂectedsimilar levelsof compressive stressactingon thecar-
tilage when controlling for body weight in males and females.
Limited evidence was found linking biomechanical mea-
sures of knee joint loading and observed short-term defor-
mation of knee articular cartilage volume following
running. Thus, there is a need for a cross-sectional compar-
ison of joint loading and cartilage responses in subjects with
and without OA. Finally, further enhancement of knee mus-
cle modelling and analyses of stress distribution across car-
tilage should be undertaken if we are to fully understand the
contribution of biomechanical factors to knee joint loading
and the pathogenesis of knee OA.Conﬂict of interest
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